It was pointed out recently that the neutron oscillation into mirror neutron, a sterile state exactly degenerate in mass with the neutron, could be the most rapid process with the the baryon number violation, even faster than the neutron decay itself. This process is sensitive to the magnetic field and it could be observed by comparing the neutron lose rates in the UCN storage chambers for different magnetic backgrounds. The data of the experiment performed in Grenoble with the magnetic field B = 0.06 indicate that the neutron loses are sensitive to the orientation of the magnetic field, at the 3σ confidence level. This signal, if confirmed in the future experiments with the better accuracy, can be explained by the presence of the sufficiently strong mirror magnetic field on the Earth, in the range B ′ = (0.03 − 3) G, or some other spin-dependent force that makes difference between the neutron and mirror neutron states.
Introduction
There may exist a parallel hidden sector of particles in the form of the exact duplicate of our sector of the ordinary particles. Such parallel sector, dubbed as mirror world [1] , could have several interesting implications for the particle physics and cosmology (for reviews, see [2] ). If mirror sector exists, then the Universe should contain along with the ordinary particles: electrons, nucleons, photons etc., also their mirror partners with exactly the same mass spectrum and interaction properties. Mirror matter, being invisible in terms of ordinary photons and interacting with ordinary matter via gravity, could be a viable candidate for dark matter [3, 4] . In addition, the baryon asymmetry of the Universe can be generated via outof-equilibrium B − L and CP violating processes between ordinary and mirror particles [5] which mechanism could naturally explain the intriguing puzzle of the correspondence between the visible and dark matter fractions in the Universe [6] .
An intriguing possibility is related to the fact that any neutral ordinary particle, elementary or composite, can have a mixing with its mirror counterpart. In particular, photon could have kinetic mixing with mirror photon [7] , neutrinos could mix with mirror neutrinos [8] , ordinary mesons with mirror mesons [2] , etc. Such mixings can be induced by the effective interactions between the O-and M-fields mediated by some heavy gauge singlet particles, or heavy gauge bosons interacting with both sectors [9] .
In ref. [10] the mixing between the ordinary neutron n and its mirror partner n ′ due to a small mass mixing term δ (nn ′ + n ′ n) was discussed and it was pointed out that the present experimental limits do not exclude the possibility of a rather rapid n − n ′ oscillation, with an oscillation timescale τ = δ −1 much smaller than the neutron lifetime τ n ≃ 10 3 s. 2 From the theoretical side, such a mixing can emerge from the effective six-fermion interactions is the dimensional coupling constant with the relevant mass scale M ≤ 10 TeV [10] . The underlying physics at the TeV scale could be accessible at the LHC, while n − n ′ oscillations can have interesting and testable astrophysical implications, in particular, in the physics of ultra high energy cosmic rays [10] (see also [13] ). However, at much cheaper costs, n − n ′ oscillations can be tested directly in small scale experiments with slow neutron facilities (for detailed discussion, see [14] ).
All physical characteristics like the mass, decay width, etc., are exactly the same for 2 For comparison, the direct experimental limit on the neutron -antineutron oscillation time [11] is τnñ > 3 yr [12] while even stronger bounds can be imposed from the nuclear stability tests. It is important that n − n ′ mixing cannot destabilize nuclei and thus nuclear stability limits do not apply in this case.
ordinary and mirror neutrons. According to the General relativity, also the gravitational potentials should be exactly the same. Therefore, for non-relativistic neutrons properties of n − n ′ oscillation in vacuum are determined by the effective 'interaction' Hamiltonian
where µ = −6 · 10 −12 eV/G is the magnetic moment of the neutron, σ = (σ x , σ y , σ z ) are the Pauli matrices, and B is the magnetic field, which is about 0.5 G on the Earth. As for the mirror magnetic field B ′ , in ref. [10] it was assumed to be vanishingly small, accepting naively the paradigm that the Earth does not contain any significant amount of mirror matter, Non-zero magnetic field B introduces the level splitting in the Hamiltonian (1) corresponding to the energy (frequency) scales 2ω = |µB| = 6 · 10
Then we have tan θ = δ/ω for the angle of n − n ′ mixing, and τ
for the oscillation frequency. Therefore, the probability of n → n ′ transition after the time t reads
If the magnetic field is screened, B = 0, the energy levels of the Hamiltonian (1) become degenerate, which renders maximal both the n − n ′ mixing angle (45 • ) and the oscillation time (τ = δ −1 ). The probability of n → n ′ oscillation becomes P 0 (t) = sin 2 (t/τ ).
For rather short flight times, t ≪ τ B , we have P B (t) = P 0 (t) = (t/τ ) 2 , so that the the difference between P B (t) and P 0 (t) becomes vanishing. However, given that t ≪ τ , one can take the magnetic field enough strong, ωt ≫ 1, 3 so that τ B ≪ t. Therefore, in this case
As far as mirror neutrons are sterile with respect to ordinary interactions, n → n ′ transition can only manifest as the anomalous disappearance of the neutrons, in addition to their decay, absorption and other regular channels of the neutron loses. However, in contrast to the latter, the neutron deficit due to n − n ′ transition should depend on the magnetic field strength B. Therefore, one can measure the anomalous neutron loses in the cases of zero (i.e. weak enough, ωt ≪ 1) and non-zero (i.e. strong enough, ωt ≫ 1) magnetic fields in otherwise similar conditions. Comparing the results, the uncertainties related to the neutron decay and other physical channels of the neutron loses are canceled out and thus the effect can be directly traced.
Two experiments [15, 16] of this kind were performed during the last year at the ILL, Grenoble, which have compared the neutron lose rates in the ultra cold neutron (UCN) storage chambers for different configurations of the magnetic fields. They respectively reported the limits τ 0 > 103 s (95% CL) [15] and τ 0 > 414 s (90% CL) [16] , fixing an upper bound δ < 2 · 10 −18 eV or so. However, the experimental data [15, 16] were analyzed assuming that there is no mirror magnetic field on the Earth and so n − n ′ oscillations have the following properties: (a) the oscillation probability P B in the magnetic field B depends on its magnitude B = |B| but does not depend on the direction of B; (b) magnetic field suppress the oscillation, P B < P 0 , so that the neutron loses are expected to be larger when the magnetic field is off than when it is on.
In the present paper we show that in the presence of mirror magnetic field, B ′ = 0, the situation can be very different, and therefore the experimental data n − n ′ oscillations should be interpreted with more prudence. Namely, for a substantially large B ′ , the ordinary magnetic field B could suppress or enhance the n − n ′ oscillation probability depending on its strength as well as on its orientation with respect to B ′ .
The paper is organized as follows. In section 1 we study the n − n ′ oscillation features in the background of non-zero mirror magnetic field and derive the formula for the oscillation probability in a general case when the vectors B and B ′ are both non-zero and arbitrarily oriented. In section 2 we discuss the implications of our results for the UCN storage experiments and re-analyze the experimental data reported in ref. [15] where the neutron loses were measured for two opposite directions of the magnetic field, up (B ↑ ) and down (B ↓ ), for its value B = 0.06 G. These data show significant asymmetry of the UCN loses between this two configurations, at about 3σ level, which could indicate that n − n ′ oscillation probability indeed depends on the magnetic field direction: P B↓ − P B↑ = (1.24 ± 0.40) × 10 −6 . This result could be easily explained if there exists a mirror magnetic field on the Earth in the range B ′ = (0.03 − 3) G, with a significant vertical component. The possible mechanisms which could generate such magnetic field on the Earth, in solar system or in the Galaxy are briefly discussed. In section 3 we show that the similar effects could be induced, alternatively, by the long-range spin dependent forces, mediated by the very light axion like particles that are non-universally coupled to the ordinary and mirror neutrons. Finally, we draw our conclusions.
2 n − n ′ oscillation in ordinary/mirror magnetic fields Now we study the free neutron -mirror neutron oscillation in a general case, when ordinary and mirror magnetic fields, B and B ′ , are both non-zero and have arbitrary orientations.
Denoting µB = 2ω and µB ′ = 2ρ, the Hamiltonian (1) can be rewritten as
Let us introduce the combinations b = ρ + ω, a = ρ − ω, and chose the basis of wave-
corresponding to n and n ′ states with the spins parallel (+) or antiparallel (−) to the direction of vector b taken as z-axis, i.e. b = (0, 0, b), b = |ρ + ω|, and b · σ = b σ z . Then in general the vector a can be taken as a = (a x , 0, a z ), so that
Hence, in this basis H I is presented in the explicit form of 4 × 4 matrix
which can be exactly diagonalized by the unitary transformation
where the mixing angles are
andã z = a z 1 + (δ/a z ) 2 . Hence we get:
where the eigenvalues are 2ω = (b −ã z ) cos 2φ = |2ω − ε| and 2ρ = (b +ã z ) cos 2φ ′ = |2ρ + ε|,
Therefore, for the probability of the neutron transition into the mirror neutron state after the flight time t we obtain: 4
4 Here the partial probabilities of the transitions n → n ′ + and n → n ′ − are summed up, and so P (t) does not depend on the initial neutron polarization. The neutron decay is neglected assuming that Γt ≪ 1.
where for two characteristic times we have respectively τ −1 ± = |ρ ±ω|. Therefore, the oscillation amplitude is determined essentially by n − n ′ mixing angle θ, while the angles φ, φ ′ merely describe the spin precessions and in fact they do not enter in the averaged oscillation
In a particular case when ordinary magnetic field is screened, ω = 0, for the n − n ′ mixing angle and oscillation time respectively we have tan 2θ 0 = δ/ρ and τ 0 = (ρ 2 + δ 2 ) −1/2 . So, the oscillation probability 5
depends on the strength of the background mirror magnetic field
Clearly the latter, if it exists on the Earth, cannot be screened in the ordinary experiments.
On the other hand, if one switches on the magnetic field B, the characteristics of n − n ′ oscillation change and the difference between the oscillation probabilities (9) and (8) can become observable 6 . In particular, the oscillation amplitude
can become larger or smaller than sin 2 2θ 0 , depending on the magnitude of the magnetic field B and also on its orientation with respect to the background mirror magnetic field B ′ . Eq.
(10) can be rewritten as
where η = ω/ρ = B/B ′ , and β is the angle between B and B ′ . Therefore, the magnetic field suppresses the n − n ′ mixing angle if it is considerably strong with respect to the mirror one.
Namely, for η > 2, or B > 2B ′ , we always have sin 2 2θ < sin 2 2θ 0 , independently on the angle β. However, given B < 2B ′ , the situation sin 2 2θ > sin 2 2θ 0 can take place for the angles with cos β > η 3 − 3η. (Let us remark that this condition can be satisfied also for β > π/2 (negative cos β) provided that η is enough close to 1.) In other terms, for η ≃ 1, the n − n ′ mixing angle can be resonantly amplified. Namely, if η = 1 (B = B ′ exactly), we have maximal mixing, sin 2 2θ = 1, for any angle β = π. 7 However, the width of the resonance depends 5 Here and in the following, subscript "0" denotes the limit of B = 0. 6 However, the free flight time t must be enough long. Namely, for t ≪ τ0 we have P0(t) ≈ (δ t) 2 , and for t ≪ τ+ we also get from (8) that P (t) ≈ (δ t)
2 . Thus, if t is smaller than both τ0 and τ+ the difference between P (t) and P0(t) becomes vanishing.
7 This is a rather interesting feature of the system described by the Hamiltonian (3): the resonance (levelcrossing) condition does not require the full coincidence of the vectors ω and ρ -it is sufficient that their lengths are equal, ω = ρ, independently of their orientation. on β. Namely, inspection of eq. (11) gives that for arbitrary β, the resonance half-width at half-maximum is γ = | tan 2θ 0 cos(β/2)|. Therefore, it becomes maximal, γ = | tan 2θ 0 |, when the vectors B and B ′ are parallel (β = 0), gets smaller for non-zero β, and finally vanishes when ρ and ω are anti-parallel (β = π). In particular, for the limiting cases we have
while for the case of orthogonal B and B ′ (β = π/2) we have
which becomes larger than sin 2 2θ 0 for η < √ 3, or B < 1.73B ′ .
3 n − n ′ oscillation in the UCN storage chamber
In the UCN storage chamber n − n ′ oscillations are restricted by the mean free flight time t f between the wall collisions. During the free flight time t f the initial neutron state gets a small admixture of mirror neutron state, and thus can escape from the trap with a mean probability P (t f ) per each collision on the wall. Therefore, given that the initial amount of the neutrons N in is fixed, the amount of the neutrons that remain in the trap after the
where t f is a mean free flight time between the neutron collisions and ν = 1/t f is a mean collision frequency, Γ is the neutron decay width and R(t s ) accounts for the regular loses of UCN due absorption and upscattering during the wall collisions or in collisions with the residual gas in the chamber. 8
If the oscillation probability P (t f ) depends on the magnetic field, then by comparing the amounts of the residual neutrons for two different configurations B 1 and B 2 with different strength and/or orientation of the magnetic field, one could directly measure the difference of the corresponding oscillation probabilities:
since in this ratio the dependence on the neutron decay and other physical mechanisms of the neutron loses should cancel out.
Consider first the case when the terrestrial magnetic field is screened, B = 0. The mirror magnetic field B ′ , if it exists on the Earth, cannot be screened and so ρ = µB ′ /2 is non-zero.
Hereafter we assume that ρ t f ≫ 1, so that t f ≫ τ 0 and hence the n−n ′ transition probability in zero magnetic field (9) can be averaged in time: P 0 = 1 2 sin 2 2θ 0 . In particular, for t ∼ 0.1 s this is fulfilled if ρ ≫ 6 · 10 −15 eV, or B ′ ≫ 2 mG. Taking also into consideration that 8 For a given storage chamber, R and t f have some mild dependence on storage time ts. P 0 ≪ 1, i.e. (δ/ρ) 2 ≪ 1, then for the mean oscillation probability we obtain: 9
In the magnetic field B = 0 the oscillation probability depends on its strength relative to the mirror magnetic field (η = B/B ′ ) as well as on its orientation with respect to B ′ (angle β). We assume that (1 − η) 2 ≫ P 0 , so that B is enough far from the resonant value B = B ′ . Then the time oscillating terms can be averaged also in (8) and for n − n ′ transition probability get:
or, in terms of the parameters η = B/B ′ and β,
Changing the magnetic field direction, B → −B, i.e. β → π − β and cos β → − cos β.
Therefore, the oscillation probabilities P (B) and P (−B) are different unless β = π/2, and their half-difference depends on the magnetic field orientation, i.e. on the angle β:
On the other hand, the mean value betweenP (B) andP (−B) does not depend on β:
and in fact it is the same as the value of P (B) when B and B ′ are orthogonal, P B = P (B, β = π/2). Therefore for the experimentally measurable difference between P B and P 0 we have
We see that the sign of ∆ depends on the value η. Namely, ∆ < 0 if η > √ 3 and ∆ > 0 if η < √ 3, and it reaches the maximal value at the resonance η = 1. For the ratio of two measurable effects we get
For η < 2 3 | cos β| this ratio must be positive and less than 1 while for η > 2 one has κ < −| cos β| −1 < −1 and it sharply goes down to large negative values further with increasing η.
Experiment [15] has used the UCN storage chamber with the mean free flight time between the wall collisions t f ≃ 0.05 s and the mean frequency of the wall collisions ν = t 9 Let us recall that the bound on neutron loses in the experiment [12] for the flight time t ∼ 0.1 s yields the limit P0 < 10 −2 or so [10] . After storing an initial number of neutrons for some time t s , the counts of the survived neutrons were compared in the conditions of "zero" magnetic field (B 0 < 5 · 10 −4 G) and Results of the measurements, reported in Table 1 [15] , indicate that the neutron counts in the non-zero magnetic field depend on the direction of the latter. One observes that N B↑ regularly exceeds N B↓ for all 4 cycles of data taking. In the absence of mirror magnetic field this fact cannot be explained by n − n ′ oscillation, since the oscillation probability should not depend on the magnetic field direction. However, for B ′ = 0 this is not the case, the oscillation probability P (B) should depend on the angle between the vectors B and B ′ .
Regarding the experiment [15] , let us identify the direction B ↓ as B and B ↑ as −B, assuming that P (B) and P (−B) can be different. Then simple calculation of the expected "up-down" asymmetry for a given effective time t * gives: 10
where D = 1 2 (P B↓ − P B↑ ) is given by eq. (17) . Then, by fitting the up-down asymmetries for the data shown in Table 1 according to the above formula we obtain within 1σ error-bars: 11
10 As far as the neutrons can oscillate also during the filling and emptying the storage chamber, the effective time t * should include also the operational time and it is larger than the storage time ts. In ref. [15] the effective storage time was estimated as t * = ts + (23 ± 3) s.
11 Although this is not very essential, in this fit we have also taken into the account that the collision frequency ν = 1/t f has a rather weak dependence on the storage time, see Table II of ref. [15] .
On the other hand, one can also compare the neutron counts for zero magnetic field, N 0 , with the averaged results between the opposite directions for the non-zero magnetic field,
. Then for their ratio we expect
where ∆ = P B − P 0 should depend on η = B/B ′ but not on the angle β (see eq. (19) . As far as Dνt * ≪ 1, the data of Table 1 fitted as E(t * ) = exp(∆ νt * ) imply: ∆ = (2.9 ± 2.9) × 10
Therefore, the value ∆ is positive within 1σ error-bars, which however has a rather small confidence, and also the value of χ 2 is rather bad. In the case of B ′ = 0 the positive sign of ∆ would be unphysical since it the non-zero magnetic field can only suppress n − n ′ oscillations.
In ref. [15] this fact has been used to strengthen the bound on n − n ′ oscillation time by adopting the Bayesian approach. However, for B ′ = 0 this situation is no more unphysical, and eq. (19) shows that ∆ should be positive if η = B/B ′ < √ 3.
For the convenience of the analysis, let us notice also that the ratio
for small oscillation probabilities, should not depend on the storage time: κ = ∆/D. The data fit of Table 1 gives:
The 3σ effect (22) , if it will be confirmed by the future measurements, could be a signal for n − n ′ oscillation in the background of the non-zero mirror magnetic field on the Earth which certainly could not be screened in the experiment.
How large the mirror magnetic field should be? From (22) one gets D > 2 × 10 −7 at 95% C.L. Therefore, for η 2 ≪ 1, we get from eq. (17) that η > 10 −7 P −1 0 . The direct limit P 0 < 10 −2 [12, 10] then implies η > 10 −5 , or B ′ < 6 · 10 3 G or so. On the other hand, η < 10 −2 , or B ′ > 6 G, would require P 0 > 10 −5 . However, in this case the oscillation probability in the Earth magnetic field, B ≃ 0.5 G, would be essentially the same as P 0 and thus larger than 10 −5 , which is excluded by the data on the anomalous neutron loses [17] .
Therefore, the conservative limit B ′ < 6 G can be imposed, which could be strengthened to B ′ < 3 G assuming that neutron loses per scattering are less than 5 · 10 −6 .
The lower limit on B ′ can be imposed by the data (24) and (26). Namely, the negative sign of ∆, in view of eq. (19) , would imply η < √ 3, or B ′ > 0.035 G. More conservatively, eq. (26) implies that ∆/D > −1 at 95% C.L. and thus η < 2, which translates into the limit
Taking also into the account that the resonant values of B ′ are not plausible neither for the experiment [15] Are so large mirror magnetic fields plausible?
Mirror matter can give a substantial fraction of dark matter in the Galaxy, or can even entirely represent it. Thereby, one could expect the mirror magnetic fields comparable to the ordinary galactic magnetic field, B ′ ∼ 10 −6 − 10 −5 G, or perhaps even stronger by 1 or 2 orders of magnitude e.g. in the view of mechanism [18] for the generation of primordial magnetic field seeds.
On the other hand, according to common sense, there should be no significant amount of the mirror matter in the Earth and, more generally, in solar system. Gravitational potential of the Earth is not efficient to capture the large amount of the cosmic mirror particles. However, the situation could change if there are some stronger interactions between the ordinary and mirror matters, e.g. due to photon -mirror photon kinetic mixing as discussed e.g. in refs. [19] . On the other hand, if the neutron -mirror mixing is possible, it would look pretty natural that also neutral mesons of the ordinary and mirror sectors could have a significant
This would mediate enough strong "nuclear" forces that could efficiently capture the mirror nuclei in the Earth, with the cross sections up to few pb which seems to be consistent also in view of the DAMA results [20] on dark matter search. On the other hand, the geophysical constraints on the amount of the mirror matter within the Earth appear to be rather flexible, allowing up to 0.4 per cent of the Earth mass constituted by mirror particles [21] . If so, then the existence of the mirror magnetic field B ′ order 10 −2 G or larger should not be a surprise, if one takes into account the possibility of very efficient dynamo mechanism. In the view of the latter, the mirror magnetic field could 12 In the experiment [16] the magnetic field (B = 0.02 G) was directed horizontally and its direction was not altered to the opposite. Therefore, in spite of larger statistics, these data cannot be used directly for our analysis. However, with a careful study, they also could provide some additional information about the orientation of the mirror magnetic field B ′ , more significantly for small B ′ region.
have significant time variations, much faster than the terrestrial magnetic field which dipole changes the polarity in every few million years.
On the other hand, it cannot be excluded that the mirror magnetic field is possessed by the solar system. For comparison, if the typical molecular cloud of about a solar mass having a typical initial magnetic field of few µG is compressed e.g. within the distance corresponding to the Saturn orbit, then the magnitude of the magnetic field could be easily of order 1 G. In this case, however, the "up-down" asymmetry of the neutron counts in the UCN experiments should have day-night variations. It is worth to remark that in the experiment [15] all data were taken during the day time and thus such a possibility cannot be a priori excluded.
And finally, if the mirror magnetic field has a galactic origin, then there should be correlation with the siderial time.
Spin-dependent long range forces
Imagine that there is a light axion-like field ϕ that has a typical pseudo-scalar couplings with both types of matter: ordinary and mirror, and in particular, with the neutrons n and n ′ : 13
Mirror symmetry, suggesting that once our sector is left-handed, then the mirror one should be right-handed, tells that the coupling constants should have opposite signs: g ′ = −g. Then the couplings (27) can be rewritten as
where m is the neutron mass. Therefore, the spatial inhomogeneity of the field ϕ should should lead to the spin-dependent potentials ∝ σ · ∇ϕ, with the opposite signs for the ordinary and mirror neutron states.
This inhomogeneity could have a cosmological origin, with the gradient of ϕ pointing towards some direction in the Galaxy. 14 On the other hand, the Earth itself could be the source of such potential. Imagine, for example, that the 'axion' ϕ has a mixing with a dilatonlike scalar and thus acquires an universal coupling with the traces of the energy-momentum tensors of both the ordinary and mirror matters, (f ϕ/M P )(T + T ′ ), where M P is the Planck mass and f ≪ 1 is a dimensionless coupling constant.
Then, if m ϕ < R −1 , where R is the Earth radius, the Earth would induce the spindependent potentials V (r) = ± (σ ·r) gf mr V gr (r)
respectively for n and n ′ states, where withr is unit vector towards the Earth center and and V gr ∝ 1/r is a gravitational potential of the neutron, which is about 1 eV on the Earth surface. Therefore, for a natural range of constants g and f , the potential (29) could easily be order 10 −14 eV, in the range of the experimental interest for n − n ′ oscillation. Let us notice also, that in addition, neutrons will get a scalar potential
It however is exactly equal for n and n ′ states and thus will not lead to the additional level splitting in the Hamiltonian (1). The General Relativity tests require that f < 10 −2 or so.
Therefore, interactions mediated by ϕ would induce a magnetic-like potential ∓ζ · σ, having the opposite signs for n and n ′ states. The neutron -mirror neutron oscillations in this case can be still described by the Hamiltonian (3), substituting 2ρ → ζ and 2ω → 2ω − ζ, where 2ω = µB still corresponds to the magnetic field contribution. Therefore, the oscillation probability in zero magnetic field (14) is P 0 = δ 2 /2ζ 2 while the probability P (B)
in non-zero magnetic field can be directly obtained from (15) by the above substitution. The expressions for the experimentally measurable parameters D, ∆ and κ can be obtained in a straightforward way and here we shall not show them. Let us remark only that in difference form the case of the mirror magnetic field, now the parameter ∆ will depend also on the angle between the vectors ω and ζ.
